This paper presents a new experimental bench which allows the characterization of different fast switching valves in terms of flow rate and free air jet generation. By using this new bench, it is possible to study the different phenomena that may occur in the inner and outer circuits from the source up to the free jet. The different sensors positioned at key points along the air circuit allow the determination of the flow characteristics as well as the dynamic behavior of the different components during the generation of the pulsed air jets. By the tests performed with a fast spool-sleeve valve, it was possible to determine its flow characteristics (sonic conductance and critical pressure ratio). These values were used to build an average mass flow rate curve which is compared to the one measured by using a flowmeter during dynamic tests. This comparison enables to evaluate the limit frequency up to which the steady state flow characteristics can be used to estimate the average mass flow rate during dynamic operation. The next step consists in exploring the jet in a 3D space by using a 5-hole probe which provides the information on pressure, temperature and velocity necessary to determine the most suitable zone to perform object sorting with the jet. Also its unsteady behavior can be observed allowing the identification of the limit frequency at which the jet efficiency starts to decrease.
Introduction
The development of new fast switching pneumatic devices is an important challenge for the fluid power industry [1] [2] [3] . The use of these elements on power transmission provides benefits in terms of power density, compactness, possibility to work in harsh environments, reliability and low cost.
The market for fast switching pneumatic valves with high flow capacity is in growth. Most manufacturers offer these components for pulsed air jets generation and the applications can be in the automotive industry, food processing, sorting elements and so forth. They also announce their products can achieve response time on the order of a few milliseconds, which leads to the generation of jets at frequencies up to 1 kHz, for flow rates about 150 Nl/min (ANR).
First of all, for the food processing and sorting applications, the distance between the generated jets is highly constrained in a way the sorting operation can be precisely executed. Due to this fact, the miniaturization of the valve is also a major problem for these components, once the product must keep the small dispersion on response time and flow, good energy efficiency and long lifetime.
Also to perform the sorting operation it is necessary to know the jet coming from the valve and understand how is it affected by the dynamic behavior of the mechanical elements.
Some theoretical and simulation studies have been already carried out [4] [5] and present theories and analytical formulation for air jets under certain conditions. However, steady state and dynamic behaviors of the whole circuit (valve, inner and outer circuit and free air jet) are being studied recently. [6] [7] [8] [9] .
Motivated by this problematic, an experimental bench was designed and built in order to evaluate the mechanical and pneumatic performances on air jet generation by fast switching valves. This bench enables the evaluation of the flow along the entire path from the source up to the free air jet and under different working conditions.
Objective
This paper presents the experimental bench designed to study the mechanical and pneumatic behavior of the system used in sorting applications. The steady state flow characteristics of a system composed by an inner circuit, fast switching valve and nozzle can be determined with no need of disassembling the different elements. In a same way, the study of their performances in dynamic applications can also be performed.
From the steady state mass flow rate characteristics of the valve, and its dynamic response, it becomes possible to determine the average mass flow rate according to the working frequency of the system. The analysis carried out enables the determination of the mechanical limitation of the system as well as the pneumatic behavior of the air flow in the inner circuit.
Also, a first study of a steady jet is presented. Its complete characterization using a multi-hole probe will be performed in the next steps and also the influence of the system's dynamics on pulsed air jet generation.
Experimental procedure

Test bench
The experimental bench was developed in a way to study and understand the different phenomena occurring along the flow path from the source up to the free jet. The bench is presented in Figure 1 . The pressures along the circuit upstream to the nozzle are measured using miniature pressure sensors to be able to measure dynamic pressure with a high bandwith. In order to obtain the position of the pneumatic shutter of the valve, a magnetic displacement sensor is used. The average air mass flow rate is measured by a mass flowmeter placed between the inlet and a tank used to filter the pressure oscillations induced by the frequency operation of the valve.
A 3-axis robot is used to precisely move a 5-hole probe (Figure 2 ), designed by Aeroprobe [10] . This enables the determination of the total and static pressures, total temperature and velocity (module and orientation) at different points in the free air jet. It is done by measuring the pressures and temperature at the tip of the probe. [11] [12] This device allows having a better understanding of the jet in order to optimize the energy required to eject different objects by using a pulsed air jet. 
Steady State characterization
The scheme in Figure 3 shows the complete pneumatic circuit and the location of the sensors.
Figure 3: Pneumatic circuit scheme
In order to determine the flow rate characteristics of the different parts of the circuit upstream to the nozzle, it is necessary to build for each part the pneumatic conductance curve function of the downstream to upstream pressure ratio. Considering the flow as being adiabatic, the conductance can be calculated from the measurement of steady state mass flow rate, pressures upstream and downstream the element and temperature measured at the source T s (equation 1).
Usually the sonic conductance and the critical pressure ratio of the valve are determined in steady state flow for the completely opened flow section according to ISO 6358 standard [13] . In this way, during simulations of pneumatic behavior of solenoid valves, it is of common sense to use, for intermediate positions, a conductance value proportional to the sonic conductance by a factor x (0<x<=1)) which takes into account the intermediate flow sections. The
critical pressure ratio is supposed to be constant for all positions.
In this particular studied valve, due to its functioning way and the present sensors, it is possible to obtain one flow rate measurement for each intermediate position of the spool, which leads to intermediate points for the conductance curve.
In order to complete the steady state characterization, measurements with the 5-Holes probe were performed in a steady jet issued from the system.
Dynamic characterization
As the valve is used to generate pulsed jets, the understanding of its dynamic behavior is mandatory. In such mechanical systems different phenomena may occur (resonance, blocking, shocks) which may lead to a misuse and degradation of their performance. It is expected that these events have a direct influence on the pulsed jet generation. However, the real relation has yet to be determined.
Assuming that the flow rate is instantaneously established the dynamic mass flow rate q m (t) for a given time, can be calculated using the steady state flow characteristics depending on the mobile part position x(t) with equation 2 [14] .
By integrating on one cycle, one can obtain the average mass flow rate flowing through the valve and compare it with the measurement performed by the mass flowmeter after stabilization for a given frequency.
Results
-Steady state characterization
The tests were performed with a 2 stage spool and sleeve valve. The opening operation is performed by turning its electromagnetic actuator on, which allows the air to flow and push a spool inside a sleeve opening the flow section of the valve. To close, the electric circuit is turned off and the spool is returned to its initial position by means of a flat spring.
The displacement of the spool is measured as well as the voltage and current on the electrical circuit of the actuator. Also the mass flow rate is obtained by using the mass flowmeter as shown in Figure 3 .
First of all, in order to identify the working pressure range of the valve first measurements were performed. In this test, the upstream pressure P Up was progressively increased whilst the spool displacement and the flow rate were measured. The resulting curve is presented in Figure 4 . For the steady state characterization of the components present in the circuit, the upstream pressure is set in intermediate values up to 0,7 MPa to vary the pressure ratios. During the tests, different pressures along the circuit are measured (see Figure 3) . From the values obtained the different conductance curves of the components can be drawn according to equation 1.
In Figure 5 an unusual conductance curve of the valve is presented. In a similar way as in Figure 4 , it is possible to identify 3 different zones. The first points (red diamond shaped) represent the rising upstream pressure with the valve still closed. As the pressure keeps rising whilst the spool still in its initial position, we observe a saturation behavior which could indicate a chocked leakage flow even before its opening. This hypothesis seems not to be equivocal once the minimal pressure to open the component is already at 0,35 MPa.
Another important zone is the points with maximum opening where the flow is certainly chocked (purple circles) once they all have the same conductance and pressure ratio values. The pressure ratio is blocked to its critical value whatever is the upstream pressure. Figure 5 ).
Due to the assumptions, it is then possible to determine a relation of the sonic conductance ( Figure 6a ) and critical pressure ratio of the valve (Figure 6b ) for different spool positions. Using these curves and having the position and pressure values measured during the dynamic tests, it is possible to recover the information about the dynamic mass flow rate and its average value for one cycle during its operation.
The experimental conductance curve for the entire pneumatic circuit from the valve upstream pressure up to atmosphere is presented in the Figure 7 . Its unusual shape comes logically from the flow section variation of the valve according to the circuit upstream pressure. Also the three zones already discussed for the valve (functional leakageprogressive opening -full opening) appear clearly. 
Dynamic behavior
As the valve under study has a minimal pressure value in order to achieve its maximal displacement and consequently its maximal flow section, the dynamic tests have to be performed with upstream pressures above this value. In the following, the absolute working pressure is set to 0,7 MPa.
Once having the flow characteristics of the valve, the dynamic study can be performed. In this part the openingclosing frequency is controlled and the average mass flow rate in the circuit, the pressures, the solenoid current and the spool position are measured.
Having an electromagnetic actuator in the first stage of the valve, it is expected to obtain a set of well-known curves for the measured variables frequently present in the published works as in [8] where the characteristics of an electromagnetic flapper disk valve were investigated. Its switching time characteristics are presented in Figure 8 .
a) b) Figure 8: a) Switching time characteristics ; b)Effects of holding current. [8]
In order to minimize the influence of the dynamic behavior of the electrical system on the final results, a different input was set to minimize the rising time of the current in the coil. In this way, the delayed time measured on opening is mostly due to the moving mass on the mechanical system. In the other hand, to accelerate the closing movement of the valve, a negative voltage is set in the coil. The input voltage profile is shown in Figure 9 .
Figure 9: Input voltage profile per cycle
The dynamic tests were performed for frequencies from 10 Hz to 100 Hz with an increasing step of 10 Hz. The results for a low frequency (20 Hz) and a higher frequency (80 Hz) are presented in Figure 10 .
a) b) Figure 10: Measurements for: a) 20Hz; b) 80Hz;
It is possible to notice a similar behavior to the one presented on Figure 8 . For low frequencies (Figure 10a) , the spool starts to move after a short delayed time and stays in its maximum position (opened) during almost the complete ON period of the input. The nozzle upstream pressure starts to increase after the spool starts to move and almost reaches the value of the upstream pressure, following its oscillations.
As the frequency is increased (Figure 10b) , it is possible to observe that the spool starts to move almost the input is set to OFF and current starts to decrease. The electric system, even with the improvements in the input, spends a long time to establish the current in coil. In the other hand the valve has 2 stages with a pneumatic actuation, where the electromagnetic actuator moves the poppet of the first stage that reaches its maximum position at the point where the current has a local minimal value indicated in the Figure  10b 
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Valve the spool starts to move is due to the pneumatic chamber being filled.
For frequencies higher than 120 Hz the spool cannot return to its initial position. Even with the poppet opening and closing normally, the pneumatic chamber does not have time to fill out, and the valve remains opened.
As the spool position and pressures along the circuit were acquired during the dynamic tests for the different frequencies and using the results of the steady state flow characterization, the instantaneous mass flow rate of the valve can be reconstructed for different frequencies by using equation 2 and the flow parameters of the valve shown in Figure 7 . The results are shown in Figure 11 for one period and two frequencies. The results show a good parity for the estimated and measured average mass flow rate curves. For low frequencies up to 50 Hz, the values have smaller discrepancies when compared to the higher ones. This is due to the fact the valve remains a longer time in its completely opened position, where its flow characteristics are wellknown, and also because this calculation has been conducted assuming the flow as instantaneously established. This is a correct approximation for low frequencies, but no longer for the higher ones where the transient effects are more important, which can be a source of errors. However, having the characteristics of the valve for some intermediate positions, and assuming a critical flow during the whole opening range of the valve, gives a good approximation for the average mass flow rate for high frequencies.
These transient effects will certainly be higher when using very fast switching valves. This is also the aim of this test bench to identify at which frequency the transitory effect of the flow establishment will become non negligible.
Jet exploitation
Another important part of the work consists in the characterization of the air jet coming from the system. As discussed before, the understanding of its characteristics in terms of velocity, pressure and temperature in the space and how they evolve in a dynamic operation of the system is crucial for the aim of optimizing the sorting operation.
Leonhard [9] presents the topology of the jet. Thus, it is known the jet has, at its origin, the same diameter as the nozzle orifice, which is 3 mm in the studied case. In this way, it is expected to have a jet with a conical geometry with an increasing diameter following its centerline and moving away from the nozzle.
For a first characterization of the jet, different parallel square measurement grids as shown in Figure 13a , perpendicular to the jet axis and spaced of 3 mm, are set. These square grids have an increasing length as they distance the nozzle orifice in order to ensure the jet stays in the measuring zone.
However, as the probe used in this work is suitable for measurements in subsonic jets, the upstream pressure was reduced in order to prevent permanent damage to the probe.
The first validation tests with a steady state jet with the 5-hole probe are presented in Figure 13 . In Figure 13b the spatial evolution of the steady air jet is presented. In the plane close to the nozzle one can notice the potential core of the jet surrounded by a region where a mixing between the jet and the freestream air takes place. Inside this region, the jet keeps its maximum velocity magnitude, as well as pressure and temperature.
In a farther distance from the nozzle, the mixing region has spread inward and reaches the center line of the jet. In this point the diameter of the jet continues to increase and the potential core disappears.
A more detailed study of the jet in steady state and dynamic behavior is being carried out in order to determine the influence of the mechanical system on the jet generation. The goal is to identify the parameters which have more influence on the jet properties. In this way, one can optimize their system since the design of the elements (valve-nozzle and circuit between them) in order to have a more efficient sorting operation.
Conclusion
The development of the experimental bench as well as its instrumentation leads to a useful tool for the characterization of fast switching valves. By its use, it becomes possible to determine the flow characteristics of the valve without the need to disassembly the components and identify different phenomena that can occur along the inner and outer circuit from source to free air jet.
The possibility to drive the valve up to high frequencies and perform accurate measurement and analysis, allowed the determination of the working zone of the element in which the mechanical and pneumatic performance still achieve its nominal value suitable for the different applications.
The valve tested has a maximum operation frequency of 120 Hz, which is still far from the faster valves already used in sorting applications. Thus, during tests with these faster elements, the transient effects will be more important and the need of a complete characterization of the elements shows to be a new challenge in order to reconstruct the average mass flow rate more accurately.
A first 3D analysis in terms of velocity of the air jet was performed in steady state and presented in this paper. The next step is to conduct a similar analysis in terms of pressure and temperature, and also in transient conditions to identify its dynamic behavior. This will enable to determine the different zones in the air jet in order to optimize the object sorting and evaluate the possible efficiency degradation of jets generated in high frequencies.
The future results could help the design of new valves taking into account the mechanical parameters which have more influence on the jet properties. This will deliver valves more adapted for sorting applications. 
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